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Summary 
We have studied the kinetics of transcription through 
a nucleosome core. RNA polymerase transcribes the 
first - 25 bp of nucleosomal DNA rapidly, but then hits 
a barrier and continues slowly to the nucleosomal dyad 
region. Here, the barrier disappears and the transcript 
is completed at a rapid rate, as if on free DNA, indicat- 
ing that histone octamer transfer is completed as poly- 
merase reaches the dyad. If DNA behind the polymer- 
ase is removed during transcription, the barrier does 
not appear until the polymerase has penetrated up to 
15 bp farther into the nucleosome. On a longer tem- 
plate, the barrier is almost eliminated. We have shown 
previously that the octamer is transferred around the 
transcribing polymerase via an intermediate con- 
taining an intranucleosomal DNA loop. Our results ex- 
clude the possibility that polymerase has difficulty 
breaking histone-DNA contacts and suggest instead 
that polymerase pauses because it has difficulty tran- 
scribing DNA in the loop. 
Introduction 
The nucleosome core represents the first level of compac- 
tion of DNA in the nucleus. It contains about 145 bp of 
DNA in one and three quarter turns tightly wrapped around 
a central histone octamer comprising two molecules of 
each of the core histones (H3, H4, H2A, and H2B) (see 
Richmond et al., 1993; Arents and Moudrianakis, 1993). 
Histone Hl binds at the point where the DNA enters and 
exits the nucleosome core and also to the DNA that links 
adjacent nucleosome cores. In vivo, nucleosomal fila- 
ments are highly compacted within the nucleus. Hierarchi- 
cal levels of DNA compaction in chromatin apparently 
present a problem of accessibility for proteins involved in 
DNA metabolism. We are interested specifically in how 
transcription occurs in chromatin, and we have focused on 
the problem of how RNA polymerase transcribes through 
nucleosomes. 
The compact nature of the nucleosome core is sterically 
incompatible with transcription: disruption of histone- 
DNA contacts is necessary because the entire elongation 
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complex must rotate with respect to the DNA helix once 
every 10 bp as the transcript is synthesized (for reviews 
see Felsenfeld, 1992; van Holde et al., 1992; Morse, 1992; 
Kornberg and Larch, 1991, 1992; Travers, 1994; Paran- 
jape et al., 1994; Lewin, 1994). Electron micrographs of 
transcriptionally active genes indicate that RNA polymer- 
ase is able to transcribe through nucleosomes in vivo, 
because nucleosomes were observed immediately in front 
of and immediately behind elongating polymerases 
(McKnight and Miller, 1979; de Bernardin et al., 1986; Bjor- 
kroth et al., 1988). There is also biochemical evidence 
indicating that active genes have a nucleosomal confor- 
mation (e.g., Cavalli and Thoma, 1993), although they are 
partially depleted of histone Hl (e.g., Kamakaka and 
Thomas, 1990; Postnikov et al., 1991). Thus, either the 
nucleosome must undergo a transient conformational 
change to open up sufficiently to allow passage of polymer- 
ase, or it must be displaced, removing the obstacle alto- 
gether. 
Pioneering studies have shown that RNA polymerases 
can transcribe through a nucleosome core in vitro (Larch 
et al., 1987, 1988; Losa and Brown, 1987). Recently, we 
described a model system for investigating the mecha- 
nism of transcription through a nucleosome core in vitro, 
using a short template (227 bp) with a promoter for bacte- 
riophage SP6 RNA polymerase at one end and a nucleo- 
some-positioning sequence at the other. We showed that 
the octamer is translocated from one end of the template 
to the other as a result of transcription, stepping around 
the transcribing polymerase, and that it is not released 
from the template during this transfer (Studitsky et al., 
1994). Nucleosome transfer as a result of transcription 
has been confirmed independently (C’Donohue et al., 
1994). To explain these observations, we proposed a 
“spooling” model for transcription through a nucleosome 
core: as the polymerase approaches the nucleosome 
core, proximal nucleosomal DNA begins to uncoil, 
exposing some of the DNA-binding residues of the histone 
octamer. These residues then form contacts with the DNA 
behind the polymerase, resulting in an intranucleosomal 
DNA loop. Nucleosomal DNA ahead of the polymerase 
continues to uncoil as the polymerase progresses and the 
DNA behind coils up around the octamer, eventually re- 
sulting in the translocation of the octamer around the poly- 
merase, and the transcript is completed (Studitsky et al., 
1994; see Figure 5). Because transfer is direct, the oc- 
tamer must be in contact with the DNA behind the polymer- 
ase (its destination) before it releases the DNA that it was 
originally bound to. This “bridging complex” intermediate 
is composed of a transcribing polymerase bound to a loop 
of DNA within the nucleosome core. 
In this paper, we investigate the kinetics of transcription 
through the nucleosome to learn more about the mecha- 
nism and the intermediates involved, Earlier studies have 
described the tendency of RNA polymerase molecules 
(both prokaryotic and eukaryotic) to pause during tran- 
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scription of nucleosomal templates in vitro (Williamson 
and Felsenfeld, 1978; Wasylyk and Chambon, 1979; 
Morse, 1989; lzban and Luse, 1991; O’Neill et al., 1992). 
We reasoned that this pausing must reflect some aspect 
of the mechanism of transcription through the nucleo- 
some. We employed our defined and efficient model sys- 
tem to investigate nucleosome-induced pausing. Pausing 
by the polymerase is confined to a region within the nucleo- 
some, beginning about 25 bp in and extending to the dyad 
region. The remaining nucleosomal DNA is transcribed at 
a faster rate, as if it is nucleosome free, indicating that 
octamer transfer is complete by the time the polymerase 
reaches the original dyad axis. The analysis of templates 
of different lengths, which dictate different loop sizes dur- 
ing transfer, shows that strong pausing occurs only when 
small loops must be formed, suggesting that pausing re- 
flects steric inhibition of rotation of the transcribing poly- 
merase. 
Results 
Pausing by RNA Polymerase Is Confined to the 
Proximal Half of Nucleosomal DNA 
We have studied the kinetics of transcription through a 
nucleosome core using the 227 bp and 262 bp templates 
(Figure 1A) that we characterized previously (Studitsky et 
al. 1994). (The 262 bp template has the same sequence 
as the 227 bp template plus an additional 35 bp at the 
promoter-distal end.) In brief, the template DNA fragment 
was end labeled and mixed with purified core histones, 
and a nucleosome core was reconstituted by salt-urea 
dialysis. Positioned nucleosome cores are formed on both 
of these templates: two major positioned nucleosome 
cores (2 and 3) are formed on the 262 bp fragment (Figure 
IA). These mononucleosomes were purified by elution of 
bands excised from preparative nucleoprotein gels. The 
predominant positioned core on the 227 bp template con- 
tains the same DNA sequence as core 3 on the 262 bp 
template; another core formed at the symmetrically related 
position at the other end of the template (Figure 1A) comi- 
grates with the major core and is therefore also present 
in our 227 bp template preparation. However, the latter 
template cannot be transcribed because the core is 
blocking the promoter and, therefore, does not contribute 
to the transcript elongation experiments described below. 
Electrophoretic analysis of the gel-purified cores (Figure 
1 B) revealed that these preparations contain 95% mono- 
nucleosomes and only 5% nucleosome-free DNA. These 
cores were stable in all subsequent experiments (see Ex- 
perimental Procedures) and showed no tendency to disso- 
ciate. 
Others have shown that pausing by RNA polymerases 
on DNA is sequence dependent (Izban and Luse, 1991; 
O’Neill et al., 1992), and therefore, it was important to have 
a control for sequence effects. The 262 bp template is 
ideal for this purpose because purified cores are available 
with the octamer at different locations on the same DNA 
sequence. To study the kinetics of transcription through 
the nucleosome, the polymerase molecules must be syn- 
227 bp 
DNA 
Figure 1. Experimental System for the Study of the Kinetics of Tran- 
script Elongation by SP6 RNA Polymerase 
(A) Positions of nucleosome cores on the templates. The 227 bp and 
262 bp templates are aligned to reflect their common DNA sequence 
content. The 262 bp template (labeled at the Hindlll end) is 35 bp 
longer than the 227 bp template (labeled at the Ncol end). The SP6 
promoter is indicated with an arrow. The transcription start site is lo- 
cated 33 bp from the Sacl end. The run-off transcripts are 194 nt (227 
bp template) or 229 nt (262 bp template). 70% of the cores in the 227 
bp template preparation are located at the Ncol end of the fragment, 
and the other 30% are at a symmetrically related position at the Sacl 
end, blocking the promoter, and therefore are transcriptionally inactive 
(Studitsky et al., 1994). Similarly, 85% of cores 2 and 3 (262 bp tem- 
plate) are transcriptionally competent. 
(B) Analysis of isolated nucleosome cores in a nucleoprotein gel. Puri- 
fied cores 2 and 3 on the 262 bp template are indicated. Marker (M), 
Mspl digest of pBR322. 
(C) Experimental approach for studying the kinetics of transcript elon- 
gation. Top, nucleotide sequences of the promoter region and of the 
first 19 nt of the transcript. The transcript initiation site is indicated 
with an arrow. Relevant restriction sites are indicated. The sequence 
of the RNA synthesized in the absence of CTP (-C 14-mer) is indicated 
by a stippled box, and the sites of incorporation of labeled UTP are 
indicated by asterisks. Bottom, experimental approach for the study 
of the kinetics of transcription. 
chronized. This is not possible to achieve by simple addi- 
tion of the polymerase because initiation of transcription 
is slow relative to elongation. Therefore, polymerase was 
allowed to initiate transcription in the absence of CTP, 
which is not required with this template until the polymer- 
ase reaches nucleotide 14 (Figure IC). At this point, the 
polymerase arrests, awaiting the addition of CTP. The ki- 
netics are followed after addition of CTP (Levin and Cham- 
berlin, 1987; Kassavetis et al., 1989; Matsuzaki et al., 
1994). Arrested elongation complexes were formed in the 
presence of 0.5 mM ATP, 0.5 mM GTP, and 5 PM [@P]UTP 
at 20°C, and then transcription was resumed at 0% by 
addition of all four unlabeled NTPs to a final concentration 
of 0.5 mM each. Thus, to a first approximation, the tran- 
scripts are pulse labeled with label incorporated only in 
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Figure 2. Nucleosome-Induced Pausing by 
Polymerase Is Confined to the Proximal Half 
of the Nucleosome Core 
(A) Time courses of transcript elongation on 
the 262 bp nucleosomal templates. Analysis of 
transcripts by denaturing polyacrylamide gel 
electrophoresis (PAGE). Labeled cores 2, 3, 
and 262 bp DNA were transcribed for different 
times: (from left to right) 4, 10, 25, 60, 180, 
and 600 s at 0°C after formation of arrested 
complexes (-C). Labeled DNA (used for nor- 
malization) is indicated. The positions of 
nucleosome cores 2 and 3 are shown on the 
right: the regions of strong nucleosome- 
induced pausing are indicated by closed 
boxes, less intense pausing by stippled boxes, 
and weak pausing by dashed lines; nucleoso- 
mal dyads are indicated. Parts of two gels (indi- 
cated by the boxes) displaying the same sam- 
ples electrophoresed for different times to 
visualize both short and long transcripts are 
shown. The exposure of the set of lanes for 
core 2 was adjusted such that the template 
DNA band wasapproximatelyequal in intensity 
to the template DNA band for core 3. The 14- 
mer RNAformed in arrested complexes is indi- 
cated. In the free DNA lanes, there are some 
transcripts that do not chase to full length: 
these bands were not present in later experi- 
ments (e.g., Figure 4) and were later attributed 
to UV damage of the template during fragment 
isolation in the presence of ethidium bromide; presumably, polymerase cannot transcribe through the damaged regions. Lane M, RNA markers 
(sizes are indicated at left). Lanes A and C, RNA sequencing reactions using 3’dATP and 3’-dCTP, respectively. 
(B) Phosphorimager scans of lanes corresponding to 1 min of transcription of templates 2, 3, and free DNA from a gel similar to that shown in 
(A) but electrophoresed to optimize resolution. Scans were normalized using the labeled DNA (peak C) to correct for losses. The sizes of the RNA 
markers are indicated. 
(C) Schematic diagram of nucleosome-induced pausing on templates 2 and 3 on a linear scale. The peaks from the pausing patterns shown in 
(B) were plotted as black bars with heights directly proportional to band intensity. Bars that coincide with strong pausing sites in the free DNA 
lane are dashed. The thin horizontal line indicates average background level. 
the first 14 nt, allowing direct quantitative comparison of 
transcripts of different lengths. Transcription was carried 
out at low temperature because the elongation rate at 0°C 
is about 15 times slower than at 37% (at which tempera- 
ture the polymerase takes only 1.5 s to traverse - 200 bp) 
and also because SP6 polymerase cannot form stable initi- 
ation complexes at O°C, limiting transcription to a single 
round (data not shown). 
Time courses of transcription through cores 2 and 3 on 
the 262 bp template are shown in Figure 2. On nucleo- 
some-free DNA and nucleosomal templates, most of the 
elongation complexes (about 60% in all cases) were ar- 
rested at nucleotide 14 as expected (Figure 2A; zero time 
in each time course). Some 15 nt and 16 nt transcripts were 
also observed; these are likely to be products of nucleotide 
misincorporation rather than contamination of the other 
NTPs with CTP because they are not chased on addition 
of CTP. On addition of CTP, longer transcripts accumu- 
lated and transcription of nucleosome-free DNA was virtu- 
ally complete after 25 s, yielding run-off transcripts of 229 
nt. In contrast, full-length RNAs accumulated about five 
times more slowly from nucleosomal templates: most of 
the transcripts formed after 25 s were incomplete, and the 
few that are full-length probably derived from the small 
fraction (5%) of free template present in the nucleosomal 
preparations. This decrease in transcription rate is clearly 
the result of increased pausing by the polymerase at cer- 
tain sites on the nucleosomal templates. In fact, nucleo- 
some-induced pausing was so severe that many tran- 
scripts were not completed during the time course. 
Experiments with the detergent sarcosyl (data not shown), 
which removes histones from DNA but leaves elongation 
complexes intact and able to complete nascent transcripts 
(Knezetic et al., 1988), indicated that the longer polymer- 
ase remains at a pause site, the less likely it is to complete 
the transcript, either because it forms a “dead end” com- 
plex or because it dissociated from DNA. Thus, the longer 
polymerase pauses at a particular site, the more likely it 
is to become nonfunctional. However, the steady accumu- 
lation of full-length transcripts shows that some paused 
polymerase molecules do eventually penetrate the barrier, 
although by this time the synchrony of polymerases has 
been lost. The important observation is that once the poly- 
merase reaches the dyad region, it is able to complete 
the transcript with relatively little interference. 
A quantitative analysis of nucleosome-induced pausing 
was obtained by comparing phosphorimager scans of the 
lanes corresponding to 1 min of transcription (when tran- 
scription of free DNA is complete) (Figures 28 and 2C). 
The labeled template band at the top of the gel was used 
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(A) The 227’ bp template: nucleotide se- 
quences of the promoter region and of the first 
47 nt of the RNA. Relevant restriction sites are 
indicated. Asterisks indicate labeled UTP resi- 
dues in the RNA. Note that the first CTP re- 
quired for transcript synthesis is at position 48. 
(B) Transcript elongation on the shortened tem- 
plates: arrested elongation complexes formed 
on nucleosomal templates and on free DNA 
were digested with Sfcl, Sspl, or Asel and then 
CTP was added to continue transcription. Tran- 
scripts were analyzed by denaturing PAGE; 
phosphorimager scans of the lanes corre- 
sponding to 1 min of transcription are shown. 
The bar indicates the region in which major 
changes in pausing occur, and the arrow marks 
194 130 110 90 80 70 50 RNAbngih,nt 
( 4J 
the first major pause site on each template. 
Transcript lengths are indicated by the scale at 
the bottom. The major peak at left is full-length 
transcript (194 nt). The vertical arrow indicates 
the position of template DNA in the gel (note that 195 bp template DNA comigrates with full-length transcript). The nucleosome core is positioned 
at bottom with dyad indicated. 
(C) Schematic diagram of nucleosome-induced pausing by polymerase on the shortened templates, indicating the positions of the nucleosome 
core and the arrested RNA polymerase (RP). Regions of nucleosome-induced pausing (see 8) are indicated by stippled rectangles, Template 
sizes and lengths of DNA remaining behind the polymerase after restriction digestion are indicated. 
Figure 3. Removal of DNA from behind Ar- 
rested Elongation Complexes Allows Polymer- 
ase to Penetrate Farther into the Nucleosome 
Core before Pausing 
to normalize the data. There is some suggestion of a 10 
nt periodicity in the patterns for nucleosomal DNA, but a 
weaker, similar periodicity is also apparent in the pattern 
for naked DNA, and therefore, its significance is unclear. 
The pausing patterns for the two cores are very different. 
Because cores 2 and 3 are at different positions on the 
same DNA fragment, the pausing patterns must reflect 
difficulties for elongating RNA polymerase imposed by the 
nucleosome rather than by DNA sequence. In both cases, 
strong pausing begins when the polymerase is 20-25 bp 
into the nucleosome core and continues for 35-40 bp. 
Strikingly, pausing almost disappears in the region of the 
nucleosomal dyad and beyond, indicating that the latter 
half of nucleosomal DNA is transcribed as if it is free DNA, 
and therefore that histone octamer transfer is completed 
by the time the polymerase reaches the position of the 
original dyad. 
The Nature of the Barrier to Polymerase 
The experiments described above show that, at some 
point during the process of nucleosome translocation, 
movement of polymerase is severely inhibited. It seemed 
most likely that this inhibition reflects the presence of 
strong histone-DNA contacts immediately ahead of the 
polymerase that are difficult to disrupt. Alternative models 
suggest a role for loop formation in pausing. In one model, 
polymerase cannot continue until the octamer is trans- 
ferred: it pauses until the loop forms and octamer transfer 
is effected (thus removing the obstacle). In the other 
model, polymerase has difficulty transcribing DNA in the 
loop, i.e., the barrier appears when the loop is formed 
and disappears with the loop as transfer is completed. An 
experiment was designed to investigate the role of loop 
formation in pausing. Arrested polymerase complexes 
were formed at the nucleosome border, the DNA behind 
the polymerase (required later for loop formation) was then 
removed by restriction digestion as close to the arrested 
polymerase as possible, and transcription was resumed. 
We reasoned that if histone-DNA contacts constituted the 
barrier, removal of this DNA would make no difference to 
pausing because these contacts are still present and must 
still be transcribed through. If loop formation is required 
before polymerase can continue, removing this DNA 
would prevent polymerase from continuing. If, however, 
loop formation causes polymerase to pause, then removal 
of this DNA will eliminate pausing until polymerase has 
transcribed far enough into the nucleosome to generate 
sufficient DNA behind it to form a loop. 
The sequence of the 227 bp template was altered to yield 
a template (227*) encoding an RNA with no C residues 
in the first 47 nt (Figure 3A). This template is otherwise 
identical in sequence to the first 227 bp of the 262 bp 
template used in the experiments above, and the nucleo- 
some is positioned on the same sequence as core 3 on 
the 262 bp template (data not shown). In the absence of 
CTP, the polymerase arrests 47 bp from the promoter 
(right at the border of the core). Digestion of the template 
by Sfcl, Sspl, or Asel results in templates 195 bp, 178 
bp, or 162 bp long, leaving only 50 bp, 33 bp, or 17 bp, 
respectively, behind the arrested polymerase (Figure 3C). 
The effects on the pausing pattern of removing DNA from 
behind the arrested polymerase were assessed by analyz- 
ing time courses of transcription similar to those shown 
in Figure 2A. To simplify presentation, phosphorimager 
scans of only the lanes corresponding to 1 min of transcrip- 
tion from each time course are shown in Figure 3B. When 
the template was shortened to 195 bp, there was little 
change in the pausing pattern. However, polymerase tran- 
scribed 7 bp farther into the core before meeting resis- 
tance on the 178 bp template, and 15 bp farther on the 
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162 bp template. Otherwise, the pausing patterns were 
very similar to that for the intact nucleosomal template 
and, in all cases, the barrier disappeared in the region of 
the nucleosomal dyad (Figure 3C). 
We used the restriction enzyme Bsp12861, which has 
a unique site located very close to the Ncol end of the 
template that is protected from digestion by the core before 
transcription but exposed after transcription, to demon- 
strate that octamer transfer occurred even on these very 
short nucleosomal templates (data not shown). 
In conclusion, removal of DNA from behind the polymer- 
ase allowed polymerase to penetrate farther into the core 
before meeting resistance. This is consistent with a model 
in which loop formation causes polymerase to pause. 
Transfer over a Longer Distance Reduces Pausing 
Loop formation might cause polymerase to pause because 
it is sterically inhibited from rotating around the DNA helix 
in the loop. If this is the case, pausing might be alleviated 
if the loop is much larger. To investigate the effect of a 
larger loop size on pausing, we constructed a 353 bp tem- 
plate, corresponding to the 227 bp template extended at 
the promoter end by 126 bp (Figure 4A). Nucleosomal 
templates were analyzed using the restriction enzyme pro- 
tection assay (Figure 4B). The preparation contained 85% 
positioned cores and 15% free DNA (lane 2). Digestion 
of the 353 bp template with Sacl (lane 3) resulted in nucleo- 
some cores with the same mobility as the major core 
formed on the 227 bp template (lane l), indicating that 
most of the cores on the 353 bp template are located at 
the labeled end and in a similar position to that on the 227 
bp template. In agreement with this, 70% of the 353 bp 
cores are resistant to Haell (lane 5). Transcription resulted 
in nucleosome cores with different mobilities (lane 6), indi- 
cating that octamers had been transferred to three new 
positions. Two major cores (accounting for 65% of total 
label) were formed that were resistant to Sacl and sensitive 
Figure 4. Transfer of the Histone Octamer 
overa Long Distance(lEO-200 bp) Occurswith 
Little Pausing by Polymerase 
(A) Restriction map of the 353 bp template and 
major nucleosome core positions before and 
after transcription of this template. The major 
core present before transcription is drawn 
above the restriction map; the cores drawn be- 
low the map are those observed after transcrip- 
tion (major cores are drawn in bold outline, mi- 
nor cores with a thinner line). 
(B) Analysis of the fate of the nucleosome core 
on the 353 bp template using the restriction 
enzyme protection assay. Cores were incu- 
bated at 37’C in the presence or absence of 
polymerase and then digested with Sac1 (S), 
Aval (A), or Haell (H), as indicated, and ana- 
lyzed in a nucleoprotein gel. Lane C, the core 
formed on the 227 bp template was used as a 
marker. Lane M, end-labeled Mspl digest of 
pBR322. 
(C) Time courses of transcript elongation on 
the 353 bp template. Analysis of transcripts by 
denaturing PAGE. Arrested elongation com- 
plexes (-C) were incubated for 1 hr at O°C in 
the presence or absence of Sacl. Other details 
are as described in the legend to Figure 2A. 
to Aval and Haell, indicating that they are located very 
close to the Pvul end. One slowly migrating nucleosome 
core (10% of total label) was resistant to Sacl and Aval 
and sensitive to Haell, indicating that it is located close 
to the center of the fragment. Nucleosome positions were 
mapped precisely using micrococcal nuclease (data not 
shown; the map is presented in Figure 4A). Thus, most 
of the cores (- 70%) were transferred over a distance of 
180-200 bp, which must involve an intermediate with a 
much larger loop. 
The pausing patterns obtained for the 353 bp template 
are shown in Figure 4C. The 353 bp template was tran- 
scribed with or without predigestion by Sacl, which yields 
the 227 bp template and was used as a control. As ex- 
pected, the pausing pattern for the Sacl-digested template 
is very similar to that obtained for the 227” bp template. 
In contrast, the nucleosomal 353 bp template was tran- 
scribed more than twice as fast as the 227 bp template 
(as judged by the accumulation of full-length transcripts), 
i.e., the polymerase hardly paused as it negotiated the 
nucleosome. Although this core was transcribed more 
slowly than free DNA, almost all of the polymerase mole- 
cules eventually overcame the nucleosomal barrier and 
completed the transcript, presumably because they spent 
less time at each pause site relative to the shorter tem- 
plates analyzed and were less likely to abort. Thus, poly- 
merase transcribes much more rapidly through the core 
if an intermediate with a larger loop can be formed. 
Discussion 
Octamer Transfer Is Complete by the Time 
Polymerase Reaches the Dyad Region 
We have shown that polymerase transcribes the first - 25 
bp of the nucleosome at a rapid rate, at which point further 
progress is strongly inhibited. Eventually, however, poly- 
merase penetrates the barrier and transcribes the remain- 
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der of nucleosomal DNA again at a rapid rate. Relief of 
inhibition occurs as the polymerase enters the dyad re- 
gion. The simplest explanation for these observations is 
that the octamer is an obstacle to transcription until it trans- 
locates and that this transfer is completed as the polymer- 
ase reaches the dyad region, leaving histone-free DNA 
ahead of the polymerase that is rapidly transcribed. 
A Barrier to Transcription within 
the Nucleosome Core 
What is the nature of the nucleosomal barrier to polymer- 
ase? The barrier might simply represent the histone-DNA 
contacts that must be disrupted. Surprisingly, this is not 
the case because the contacts in the first 25 bp of the 
core are broken by polymerase without pausing. Further- 
more, the next set of contacts cannot be intrinsically more 
difficult to break because they are broken without pausing 
on the shortened templates and on the long template. Al- 
ternative models focus on the role of the intranucleosomal 
loop during octamer transfer: the model in which polymer- 
ase must await loop formation and octamer transfer before 
it can continue is excluded by the experiment with the 
shortest template, made by cleaving the DNA immediately 
behind the arrested polymerase: the few base pairs left 
behind the polymerase would not be enough to complete 
the loop and the polymerase should be unable to continue, 
but it does. Thus, the most plausible explanation for paus- 
ing is that the barrier appears when the intranucleosomal 
DNA loop is formed. In this model, polymerase bound in 
the loop is sterically prevented from rotating around the 
DNA duplex, causing it to pause. Thus, polymerase in- 
vades the first -25 bp of nucleosomal DNA with ease 
because loop formation (which requires the formation of 
new histone-DNA contacts behind the polymerase) can 
occur only after some of the existing histone-DNA con- 
tacts have been broken. On the shortest templates, poly- 
merase continues up to 15 bp farther into the core before 
it is forced to pause because until then there is insufficient 
Figure 5. A Mechanism for Transcription 
through a Nucleosome Core 
(1) RNA polymerase (RP) initiates transcription 
at the promoter(P) on the 227 bp template and 
begins to synthesize a transcript. DNA in the 
elongation complex is severely bent (Rees et 
al., 1993). Nucleosomal DNA is shaded. The 
drawing is roughly to scale. (2) RP rapidly tran- 
scribes the first 25 bp of the core causing disso- 
ciation of this DNA from the octamer. (3) The 
DNA behind RP binds to the exposed surface 
oftheoctamertoformaloop;furthermovement 
of RP is severely inhibited due to steric inhibi- 
tion of rotation of RP within the loop: pausing is 
observed. (4) The DNA behind RP dissociates 
from the octamer, thus breaking the loop, and 
RP continues into the core. The loop might be 
formed and broken several times (not shown). 
(5) Eventually, RP penetrates - 60 bp into the 
core, the final loop is formed (6) and then is 
broken ahead of RP (7) as octamer transfer is 
completed by DNAspooling. (8) RP transcribes 
rapidly to the end of the template. 
DNA behind the polymerase to form the loop. In contrast, 
heavy pausing is not observed anywhere on the long tem- 
plate, because here a much larger loop is formed, making 
it possible for polymerase to rotate in the loop. We there- 
fore propose that polymerase pauses when the loop is 
small because it is unable to rotate. In contrast, a large loop 
facilitates rotation of the polymerase, and it transcribes 
rapidly through the nucleosome core. 
Mechanism of Transcription through the 
Nucleosome Core 
We suggest the following sequence of events during tran- 
scription through the nucleosome core (Figure 5): RNA 
polymerase invades the first 20-25 bp of the core without 
hindrance, perhaps aided by positive supercoiling preced- 
ing the polymerase (discussed by Studitsky et al., 1994). 
At this point, a loop forms as a result of interaction between 
the exposed octamer surface and the DNA behind the 
polymerase. Loop formation should be facilitated by se- 
vere bending of DNA in the polymerase elongation com- 
plex (70°-140°; Rees et al., 1993). Polymerase attempts 
to continue transcription of DNA in the loop but, if the loop 
is small, rotation of polymerase is not possible and it must 
wait until the loop breaks. Eventually, the loop breaks, 
perhaps because of topological stress in the loop gener- 
ated as polymerase attempts to rotate and a torsional force 
is applied to the relatively weak histone-DNA interaction 
anchoring the DNA behind the polymerase to the octamer. 
Polymerase continues until the loop forms again and it is 
forced to pause once more. This cycle of abortive octamer 
transfer, which is responsible for most of the pausing by 
polymerase, is repeated until polymerase penetrates al- 
most to the dyad (-60 bp into the core), at which point 
the final loop is formed. This time, the loop breaks ahead of 
the polymerase rather than behind it because the histone- 
DNA interactions ahead are now weaker than those be- 
hind, and the octamer is successfully transferred to DNA 
behind the polymerase. The destination of the octamer 
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(the transfer distance) is determined by the relative proba- 
bilities of interaction of different DNA segments behind 
the polymerase with the octamer in this final loop interme- 
diate. Thus, the longer the DNA the more choices of desti- 
nation the octamer has: on the 227 bp template the oc- 
tamer transferred -80 bp upstream to the end of the 
template (Studitsky et al., 1994); on the 353 bp template 
described here, most octamers transferred -200 bp up- 
stream; and on a plasmid (Clark and Felsenfeld, 1992) the 
octamer transferred to many different destinations all over 
the plasmid. In all cases, the size of the loop is given by 
the distance of octamer transfer plus the amount of DNA 
unwound from the core. The latter is an unknown quantity 
but simple modeling (data not shown) suggests that even 
the smallest transfer (17 bp) is likely to involve a loop of 
50-60 bp. Octamer transfer is effected through DNA spool- 
ing: DNA ahead of the polymerase unwinds from the core 
and DNA behind the polymerase winds back onto the oc- 
tamer. DNAspooling might be driven bypositivesupercoil- 
ing ahead of the polymerase (facilitating the unwinding of 
negatively supercoiled nucleosomal DNA) and negative 
supercoiling behind the polymerase (facilitating the wind- 
ing of DNA behind the polymerase around the octamer). 
Finally, polymerase completes the transcript on what is 
now free DNA. 
In conclusion, our observations are strikingly consistent 
with the predictions of the spooling mechanism we pro- 
posed earlier (Studitsky et al., 1994; see Figure 5). 
Nucleosome-Induced Pausing by Polymerase 
The rate of transcription by prokaryotic and eukaryotic 
RNA polymerases in vitro is reduced 2- to lo-fold on 
nucleosomal templates (Williamson and Felsenfeld, 1978; 
Wasylyk and Chambon, 1979; Morse, 1989; lzban and 
Luse, 1991; O’Neill et al., 1992). On templates containing 
reiterated positioning sequences, pausing by T7 RNA 
polymerase was enhanced at the same sites that induced 
pausing on the nucleosome-free template (O’Neill et al., 
1992). This was also observed for RNA polymerase II (Iz- 
ban and Luse, 1991), suggesting that nucleosomessimply 
increase the probability of pausing inherent in DNA se- 
quence. In our study, although most of the nucleosome- 
induced pausing sites also coincide with sites in free DNA, 
the use of uniquely positioned cores revealed that pausing 
is confined to a specific region within the core where se- 
quence effects are enhanced. This pattern was not ob- 
served by others, perhaps because their cores were not 
uniquely positioned. If so, the pausing pattern they ob- 
served could represent an average of the patterns specific 
to each of several overlapping positions. 
Transcription In Vivo 
How could the spooling mechanism work for eukaryotic 
RNA polymerases that are much larger than SP6 polymer- 
ase? The structures of RNA polymerase I (Schultz et al., 
1993) and RNA polymerase II (Darst et al., 1991) are simi- 
lar to those of T7 and SP6 polymerases (Sousa et al., 
1993) in that the DNA-binding cleft is located at the tip of 
the enzyme. This feature would allow these large enzymes 
to interact with the relatively small DNA loop formed during 
nucleosome transfer. The polymerase II elongation com- 
plex probably also contains bent DNA (Darst et al., 1991; 
Kornberg and Larch, 1991), which would facilitate forma- 
tion of the intranucleosomal loop. The DNase I footprint 
of the polymerase II elongation complex is longer (40-55 
bp; Linn and Luse, 1991) than that of a phage polymerase 
(15-21 bp; Sastry and Hearst, 1991). Thus, the great& 
size of polymerase II suggests that nucleosome-induced 
pausing will be exacerbated in small intranucleosomal 
loops due to more acute steric restrictions on rotation. 
However, it is also possible that the larger size of polymer- 
ase II might have the opposite effect: it might block the 
formation of smaller loops, requiring larger loops to be 
formed, which could alleviate pausing. 
Nucleosome-induced pausing could be a serious prob- 
lem in vivo because many eukaryotic genes are extremely 
long and polymerase II would have to negotiate many 
nucleosomes. Thus, there is likely to be a mechanism to 
prevent nucleosome-induced pausing in vivo. Our study 
suggests that this might be achieved by transfer of the 
octamer over a relatively long distance. Alternatively, 
nucleosomes on active genes might be modified to facili- 
tate transfer once the loop is formed, thus reducing paus- 
ing by polymerase to a minimum. Possibilities include ace- 
tylation of core histones (Csordas, 1990; Turner, 1991) or 
association of HMGlWHMG17 proteins(Ding et al., 1994). 
Furthermore, it is tempting to speculate that nucleosomal 
inhibition of elongation bypolymerase II might beof regula- 
tory significance, perhaps in the TAR region of HIV or in 
the T2 terminator of the c-myc gene (see Yankulov et al., 
1994). 
Experimental Procedures 
DNA Fragments and Plasmids 
pB22 was digested with Sac1 and Ncol (227 bp) or Sac1 and Hindlll 
(262 bp) (Studitsky et al., 1994). The 227’ bp template was obtained 
by Sacl-Ncol digestion of pC22, constructed as follows: two oligonu- 
cleotide primers, TGAAGTACTAC~CCTCATTACCTTCTACAA- 
TATTATGCCCAATAATTCTATA (56 nt) and GTGAATTCGAGCTCTA- 
TTCATACACATACGATTTAGGTGACACTATAGAATTATTGGGGAT 
(60 nt), were annealed through their 18 complementary nucleotides, 
extended by T7 Sequenase (United States Biochemicals), and di- 
gested with EcoRl to yield an 87 bp Seal-EcoRI fragment. This was 
ligated to the 2816 bp vector fragment (Seal-EcoRl) obtained from 
pB22 by partial digestion with Seal and complete digestion with EcoRI. 
All fragments were purified by electroelution from agarose gels and 
end labeled using Klenow fragment. The plasmid used as competitor 
was pBSl100 (Studitsky et al., 1994). 
Isolation of Nucleosome Cores 
Cores were formed on end-labeled DNA fragments using purified 
chicken erythrocyte core histones at a ratio of -0.8 histone octamer 
per fragment by salt-urea dialysis and separated from free DNA in 
preparative nucleoprotein gels (Studitsky et al., 1994). Nucleosomal 
and DNA bands located by autoradiography of the wet gel were ex- 
cised, crushed, and eluted in 2 vol of 10 mM HEPES (pH 8.0), 1 mM 
Na-EDTA, 150 pg/ml BSA at 4% on a rotator overnight. Gel pieces 
were removed by a brief microfuge spin, and concentrations of isolated 
cores were determined using the specific activity. Siliconized tubes 
(PGC Scientific) were used in all experiments. Cores were stored at 
5-10 pglml at 4OC. In our hands, nucleosome core dissociation at 
concentrations at or above 1 pglml is completely suppressed in silicon- 
ized tubes with BSA present at 15 vglml or more, presumably because 
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adsorption of histones to the tube wall is minimized. It should be noted 
that the use of nonsiliconized tubes leads to transcription-dependent 
histone losses. 
Transcription In Vitro 
SP6 RNA polymerase was purified as described by Jorgensen et al. 
(1991). The final enzyme preparation had a specific activity of 6 x 
1 O6 Ulmg protein and was >95% pure as judged by protein electropho- 
resis. Arrested elongation complexes were formed by incubation of 
0.02 ug of template DNA (cores or free DNA isolated from the same 
reconstitution mix) in 20 PI of transcription buffer (Studitsky et al., 
1994) for 5 min at room temperature with 40 U (0.5 vi) of SP6 RNA 
polymerase with 0.5 mM ATP, 0.5 mM GTP, 3 uM UTP, and 10 f&i 
of [u-~*P]UTP at 3000 Cilmmol (New England Nuclear) (the final UTP 
concentration was 4.6 KM). Then samples were transferred to an ice 
bath for at least 15 min. Restriction digestions were at O°C for 1 hr 
with 10 U of Sfcl, 20 U of Sspl, or 40 U of Asel. For multiple reactions, 
arrested complexes were formed in a single tube and then aliquoted 
out (20 ~1). We added 20 pl of ice-cold transcription buffer containing 
NTPs (0.5 mM ATP, GTP and 1 mM UTP, CTP) to each aliquot to 
resume transcription. After time intervals of 4 s to 10 min, the reactions 
wereeitherterminated byadditionof40fdof20mM EDTAor incubated 
for another 10 min after addition of 40 ~1 of 1% sarcosyl (Sigma). 
Arrested complexes formed on the 227* bp template were extended 
in a modified transcription buffer containing 45 mM Na-glutamate (pH 
8.0) instead of 45 m M HEPES, and 6 mM magnesium acetate instead of 
6 mM MgClz because complexes located very close to the nucleosome 
core were more stable under these conditions (data not shown). 
RNA was precipitated with ethanol, dissolved in formamide sample 
buffer, and analyzed in an 8% (19:l) polyacrylamide sequencing gel. 
A set of SP6 polymerase run-off transcripts derived from a mixture of 
different restriction digests of pB22 (20, 46, 90, 127, 194, and 229 nt 
transcripts from digests using Aval, Seal, Bglll, Haell, Ncol, and Hindlll, 
respectively) was used as a marker. RNA sequencing markers were 
obtained by transcription of the DNA fragments (227 bp or 262 bp) in 
the presence of 50-l 50 uM RNA chain terminators (3’-dATP or 3’-dCTP 
(Sigma); Axelrod and Kramer, 1985). Gels were quantitated using a 
phosphorimager. 
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